In this paper the general plane strain problem of adhesively bonded structures which consist of two different orthotropic adherends is considered. Assuming that the thicknesses of the adherends are constant and are small in relation to the lateral dimensions of the bonded region, the adherends are treated as plates. Also, assuming that the thickness of the adhesive is small compared to that of the adherends, the thickness variation of the stresses in the adhesive layer is neglected. However, the transverse shear effects in the adherends and the in-plane normal strain in the adhesive are taken into account. The problem is reduced to a system of differential equations for the adhesive stresses which is solved in closed form. A single lap joint and a stiffened plate under various loading conditions are considered as examples. To verify the basic trend of the solutions obtained from the plate theory and to give some idea about the validity of the plate assumption itself, a sample problem is solved by using the finite element method and by treating the adherends and the adhesive as elastic continua. It is found that the plate theory used in the analysis not only predicts the correct trend for the adhesive stresses but also gives rather surprisingly accurate results. The solution is obtained by assuming linear stress-strain relations for the adhesive. In the Appendix the problem is formulated by using a nonlinear material for the adhesive and by following two different approaches.
INTRODUCTION
ENERALLY AN ADHESIVELY bonded structure consists of three components of Gdifferent mechanical properties, namely the two adherends and the adhesive layer. Even though under most operating loads and environmental conditions the adherends may behave in a linearly elastic manner, under relatively severe loading and temperature the adhesive may exhibit viscoelastic and/or nonlinear behavior. However, because of the material nonhomogen-eity and the geometric complexity of the medium, the exact analytical treatment of the related structural problem is hopelessly complicated. The existing analytical solutions have, therefore, been carried out under certain simplifying assumptions in formulating the problem. The primary factors influencing the choice of a particular idealized model for the adhesive and the adherends appear to be the adhesive-to-adherend and adherend-to-adherend thickness ratios and the ratio of the adherend thickness to the lateral joint dimensions. Thus, in [1, 2] the adhesive is neglected and the adherends are treated as membranes, in [3, 4] it is assumed that the adherends are membranes and the adhesive is a shear spring, in [5] [6] [7] [8] the adherends are assumed to be plates and the adhesive a tension-shear spring, and in [9] [10] [11] one or both adherends are treated as an elastic continuum. One should, of course, add that by using the finite element method, it is impossible to treat all three components of the adhesively bonded structure as elastic continua.
In this paper it is assumed taht the thickness of the adhesive is small compared to the thicknesses of the adherends which, in turn, are small compared to the length of the joint. Thus, the problem is formulated under the following simplifying assumptions: (i) the adherends are orthotropic plates for which a transverse shear theory is used, (ii) the adhesive is an elastic layer in which the thickness variation of stresses is neglected, and (iii) the bonded structure is in a state of plane strain, i.e., Fz = 0 for the entire structure ( Figure 1 ). The main purpose of the paper is to show that under the stated assumptions (a) the adhesively bonded joint problems can be solved in closed-form and, (b) by comparing the solution with that of the finite element method, the analytical results thus found are quite realistic. In formulating the adhesive a slight improvement is made over the standard tension-shear spring model used in [5] [6] [7] [8] by taking into account the effect of the average in-plane strain E~ (Figure 1 ). It should be pointed out that taking into account any material nonlinearity for the adhesive layer in solving the problem appears to be quite difficult. The Appendix shows the formation of the problem by using two different approaches to account for the material nonlinearity. In both cases the problem is reduced to a system of nonlinear differential equations. The questions to be resolved in this regard, however, are (a) whether the lengthy and tedius effort necessary to solve the complicated nonlinear problem is justified for the type of structural problems under consideration, and (b) whether a linear (or linearized) rheological behavior of the adhesive would not be a more important factor than the nonlinear elastic behavior affecting the stress distribution and failure in bonded structures [12] .
FORMULATION OF THE PROBLEM
Referring to Figure 1 (1), (2), (4) and (5) where 7V/~), Q,(TI) and Mr-t-1), (i = 1,2), are known constants. Note that at x = -.~ the boundary conditions for the adherend 1 need not be prescribed as they must be such that the gross static equilibrium conditions of the composite plate are satisfied.
GENERAL SOLUTION
The differential equation (8) is valid for any composite plate in -1 < x < 1 which consists of two layers and is subjected to cylindrical bending, and membrane and transverse shear loading given by (10) . Hence, it may be used to solve any bonded joint problem with two adherends. Looking for a solution of the form T(x) = c~, the characteristic equation of the problem is found to be From (11) it is seen that where mZ = 9. Let 0,, 62, 83 be the roots of (13) and let Then, the roots of (11) Technically, the integration constants K 0' ... ,K6 may be determined by substituting from (16) and (17) into (18) (19) (20) (21) (22) (23) (24) , which become where After determining Ko, ... ,K6 from (25-31) the adhesive stresses T and a may be obtained from (16) and (17) , and the stress and moment resultants from (1).
From equations (7) and (6) The calculated results are shown in Tables 1-4 . For three basic loading conditions, Table 1 gives the normalized adhesive stresses T and a in a single lap joint. The variation of these stresses with I is shown in Tables 2 and 3.  Table 4 gives the adhesive stresses in the stiffened plate. A limited information is also displayed in Figure 2 in order to show the trends in the distribution of Table 4 . Results for a stiffened plate (1 = 1 in).
T(x) and o(x). In the membrane loading of the lap joint, if NIJ-l) = N~,~(l) _ No, then to satisfy the static equilibrium conditions additional bending moments and/or transverse shear loads equivalent to a couple No(ho + h,/2 + h2/2) must be applied to the structure. For example, if the structure is loaded through pin connections, then Q,x and Q2., at the pins would be nonzero and M,x and M2x would be zero. In the example considered, the equilibrium is satisfied by applying two equal moments at the ends of the structure. Needless to say, the results will be dependent on the secondary loads applied to the structure to maintain its static equilibrium.
DISCUSSION AND THE FINITE ELEMENT SOLUTION
From Tables 1-3 and Figure 2 it may be observed that in a lap joint the adhesive stresses will be concentrated in the end regions of the joint provided the length of the joint 2l is large compared to the adherend thicknesses h, and h~. However, as shown by Tables 2 and 3 stresses in the mid-region of the joint may no longer be negligible. By and large, the results found in this paper are in agreement with those reported in [6] . The differences are mainly due to the approximation resulting from the method used for the numerical integration of the differential equations in [6] and partly due to the differences in the adhesive models used in [6] and in this paper*. Note that because of the smaller bending stiffness of the adherend 1, the peak values of a and T at x = -1 are greater than those at x = I (see Figures  1,2 and Tables 1-3 ). This is the physically expected result.
In the solution given in this paper, the peak values of shear as well as that of the normal stress in the adhesive are found to be at the end points x = T ,l. This is inherent in the type of the adhesive model used in this type of studies.
First, referring to the results given in [13] [10] and [11] show that in this case the maximum stresses are at the end points. In this sense, the condition that the shear stress be zero at the end points of the joint as imposed in some investigations is not consistent with the tension-shear spring adhesive model (see, for example, [7] ). Partly to investigate the overall trend of the solution and partly to give some idea about the suitability of the plate model for the adherends, the finite element method is used to solve a sample problem in which the adherends and the adhesive are assumed to be elastic continua.
The problem considered for the finite element solution is that of the stiffened plate shown in Figure 3 . For simplicity it is assumed that the adherends 1 and 2 are of the same material. Material constants and dimensions are shown in the figure. The external loads are assumed to be either tension or bending applied at the ends of the plate (i.e., at x= +1 in.). Because of symmetry only one half of the structure is considered. Due to the Saint Venant's principle, since the length of the extended portion (0.5 in) of the plate is considerably greater than its thickness (0.06 in), the details of the distribution of the applied loads at the ends have no effect on the stresses in the stiffener and in the plate away from the end regions. Rectangular four-node isoparametric finite elements with incompatible modes [ 14, 15] are used in the plane strain solution. where II and f, are known nonlinear functions. Thus, equations (A.10) and (A.11 ) along with the equilibrium equations ( a-f) and the stress resultantdisplacement relations (2 a-f) give 14 equations to determine the 14 unknown functions T, 0, u,, v,, (3,~, N,~, QIX' and M~, (i = 1,2). Since ao = 0 the constant C3 does not appear in the formulation of the problem. However, even if it were possible to determine the five remaining material constants with sufficient accuracy, because of the highly nonlinear nature of the functions f, andf,, even the numerical solution of the problem becomes extremely complicated.
Another approach to the formulation of the problem would be to assume that the adhesive has a nonlinear elastic behavior of the type suggested by Ramberg and Osgood [17] for the deformation theory of plasticity. In such materials, the stress-strain relation for normal loading is where Tis the strain normalized with respect to TIE, a is the stress normalized with respect to 'B'y, a is a constant (generally 0.02), n is the strain hardening coefficient, E is the initial slope of the stress-strain curve, and 7F, is a constant (the conventional yield strength in plasticity). In the three-dimensional case, one may write (see, for example, [18] 
